Enterolactone, a major metabolite of plant-based lignans, has been shown to inhibit prostate cancer growth and development, but the mechanistic basis for its anticancer activity remains largely unknown. Activation of insulin-like growth factor-1 (IGF-1) receptor (IGF-1R) signaling is critical for prostate cancer cell growth and progression. This study These results suggest that enterolactone suppresses proliferation and migration of prostate cancer cells, at least partially, through inhibition of IGF-1/IGF-1R signaling. The finding of this study provides new insights into the molecular mechanisms that enterolactone exerts against prostate cancer.
Introduction
Prostatic carcinoma is the second most frequently diagnosed cancer worldwide and is one of the major life-threatening diseases among men (1) . Geographical differences in prostate cancer incidence and mortality, and the shift in risk with migration from low to high incidence countries suggest that diet plays a primary role in the development and progression of this disease (1) (2) (3) (4) . The consumption of diets high in lignans is thought to protect against prostate cancer (5), because the incidence and mortality rates are much lower in Asia with the traditional plant-based diet rich in lignans, than in the US and Northern Europe with diets higher in animal products (1, 2, 6) . Furthermore, accumulating evidence from clinical trials, animal models, and cell culture studies allow us to underline specific anticancer mechanism(s) of lignans on growth and development of prostate cancer (7) (8) (9) (10) (11) (12) (13) .
Dietary lignans have phytoestrogenic properties (14) and are broadly available in cereals, legumes, fruits, vegetables, and grains, although the richest sources include flaxseed and sesame seeds (15, 16) . Dietary lignans, such as secoisolariciresinol, matairesinol, and sesamin, are converted by the intestinal microflora to mammalian lignans enterodiol and enterolactone, 2 major forms in the biological fluids of humans and animals (17) . Previously, we demonstrated that enterodiol and enterolactone significantly decreased cell viability in 3 human prostate cancer cell lines (LNCaP [hormone sensitive] and PC-3 and DU-145 [hormone insensitive]); enterolactone proved more potent than enterodiol (10) . Furthermore, in our recent study, enterolactone was found to induce apoptosis in LNCaP cells via a mitochondrialmediated, caspase-dependent pathway (11) . However, the molecular mechanisms by which enterolactone acts to inhibit human hormone-insensitive prostate cancer cells are not well understood.
LNCaP cells provide a model for early androgen-sensitive prostate cancer, whereas PC-3 cells display hormone-insensitive properties representing a later stage of the disease (18) (19) (20) .
However, it is unclear etiologically how hormone-sensitive prostate carcinoma progresses to hormone-insensitive status. Upregulated growth and survival signaling via the insulin-like growth factor-1 (IGF-1) 5 /IGF-1 receptor (IGF-1R) system has been suggested to play a key role in promoting survival and malignant transformation of prostate cancer cells (21) . IGF-1 binds to the tyrosine kinase membrane receptor, IGF-1R, which is composed of 2 a subunits (responsible for ligand binding) and 2 b subunits (responsible for tyrosine kinase activity) (22) . Upon binding, the tyrosine kinase activity is activated by autophosphorylation of specific tyrosine residues. Subsequently, the activated tyrosine kinase recruits and phosphorylates insulin receptor substrate proteins and activates intracellular signaling pathways including Ras/mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3#-kinase (PI3K)/AKT, which takes part in a variety of cellular activities, including survival, mitogenesis, and migration (23, 24) . Case-control studies have linked elevated serum levels of IGF-1 with increased risk of prostate cancer (25, 26) . Overexpression of IGF-1 in transgenic mice also causes spontaneous tumorigenesis in the prostate epithelium (27). Furthermore, introducing antisense RNA to IGF-1R in mice suppresses tumor growth and prevents invasion of prostate cancer cells both in vitro and in vivo (28, 29) . Additionally, the expression of IGF-1R and the phosphorylation levels of IGF-1R are enhanced and downstream events such as AKT and MAPK/extracellular-signal regulated kinase (ERK) signaling pathways are activated when androgen-dependent prostate cancer cells (30) or prostate cancer xenografts (31) progress to an androgen-independent state. These findings illustrate the importance of IGF-1/IGF-1R signaling in the progression of prostate cancer. Thus, in the present study, we sought to determine whether enterolactone could inhibit IGF-1/IGF-1R signaling and affect the proliferation, apoptosis, and migration of PC-3 cells. Cell culture and treatment. The androgen-independent human prostate carcinoma PC-3 cells from American Type Culture Collection (Manassas, VA) were cultured in RPMI 1640 supplemented with 10% fetal bovine serum, 10 mmol/L HEPES, 1% penicillin, and streptomycin (GIBCO BRL). The cells were maintained at 37°C in a 5% CO 2 humidified incubator. Enterolactone was dissolved in dimethyl sulfoxide (DMSO) at a concentration of 100 mmol/L and stored at 220°C. Serial dilutions of enterolactone were made from stock solutions with cell culture medium. DMSO was employed as negative control; the final concentration of DMSO was 0.1% or lower (v:v) in cell culture experiments.
Materials and Methods
Cell proliferation assay. Cell proliferation was determined using the MTTassay. For the MTTassay, 5 3 10 3 cells/well were cultured in 96-well plates and incubated in standard culture medium overnight and then transferred to serum-free medium. In 24 h, the old medium was replaced with fresh serum-free medium containing IGF-1 (40 mg/L) in the presence or absence of enterolactone. After incubation for 24 h, the MTTassay was performed as previously described (11) . Data are presented from 3 separate experiments and the percentage of enterolactone-induced cell growth inhibition was determined using DMSO-treated cells (control) as the denominator.
Cell cycle analysis. To analyze the cell cycle of PC-3 cells arrested by enterolactone, propidium iodide staining was performed by flow cytometry. The cells at 40-50% confluence were allowed to grow in the standard culture medium overnight and then transferred to serum-free medium. In 24 h, the old medium was replaced with fresh serum-free medium containing IGF-1 (40 mg/L) in the presence or absence of enterolactone. After incubation for 24 h, the cells were collected and prepared for flow cytometric analysis as described previously (11) . The cell cycle distribution was analyzed using the ModFit LT for Mac V1.01 software.
Transient transfection of siRNA against IGF-1R. The plasmid containing siRNA (si) against IGF-1R mRNA (designated si-IGF-1R) and the inverted control (designated si-con) were gifts from Dr. Jing Fang (Institute for Nutritional Sciences, Shanghai, China) (32). PC-3 cells at 60-70% confluence were transfected with siRNA plasmids using the Cell Line Nucleofector kit V (catalog no. VCA-1003, for PC-3 cells) from Amaxa according to the manufacturer's instructions.
Immunoblotting and immunoprecipitation. Isolation of cellular proteins and immunoblotting were performed as described previously (11) . For immunoprecipitation, 500 mg of cellular proteins were incubated with 1 mg of anti-IGF-1R b antibody at 4°C for 4 h. A total of 30 mL of protein A/G agarose beads (Santa Cruz Biotechnology) were added and incubated at 4°C overnight. The beads were spun down and washed 4 times with lysis buffer at 4°C. SDS sample buffer (36 mL) was added and boiled for 3 min. After centrifugation at 3000 3 g; 0.5 min, the supernatant was loaded unto SDS-PAGE gel (8%). The phosphorylated IGF-1R was detected using the antibody against phospho-tyrosine kinase. GAPDH was used as a loading control.
Migration assays. The effects of enterolactone on IGF-1-induced migration of prostate cancer cells were examined using Boyden Chamber assays. The PC-3 cells (1 3 10 5 /well) were cultured in 50 mL serum-free medium with 60 mmol/L enterolactone in the upper wells of a 12-well chamber system (Neuroprobe). IGF-1 in 163 mL serum-free medium, with a final concentration 40 mg/L, was added to the lower wells. The cells in upper wells were separated from the lower wells by an 8-mm-pore size polycarbonate filter. Migrated cells through the filters were determined after 20 h of incubation at 37°C by fixing and staining with hematoxylin and eosin. Finally, cells on the filters were photographed and counted at 103 magnification. Images were obtained from 3 representative experiments.
Statistical analysis. All experiments were performed at least 3 times and the results are expressed as the means 6 SEM. Data were analyzed by 1-way ANOVA followed by Tukey's multiple comparison tests. Differences were considered significant when P , 0.05.
Results
Enterolactone inhibits IGF-1-induced tyrosine phosphorylation of IGF-1R. IGF-1 induced tyrosine phosphorylation of IGF-1R, whereas enterolactone inhibited IGF-1-induced phospho-IGF-1R in a dose-dependent (Fig. 1A,B ; P , 0.05) and timerelated manner ( Fig. 1C,D ; P , 0.05).
Enterolactone inhibits downstream signaling of IGF-1R. IGF-1 enhanced phospho-AKT levels in PC-3 cells; however, this effect was reduced by enterolactone ( Fig. 2A,C) . Evidence of the inhibitory effect of enterolactone on AKT phosphorylation was further supported by the results of Western blotting in which the levels of phosphorylated GSK-3 b and phosphorylated p70S6K1, key downstream elements of the AKT signaling pathway (33, 34) , were decreased with increased doses of enterolactone, concomitantly with reduced levels of phosphorylated AKT (Fig. 2B,D) . Cyclin D1 levels also decreased with enterolactone treatment (Fig. 2E,G) . Moreover, enterolactone inhibited IGF-1-induced ERK phosphorylation (Fig. 2F,H) . Together, these data suggest that enterolactone inhibits the IGF-1/IGF-1R system and its downstream signaling. Fig. 3B ; P , 0.05). The sub-G 0 /G 1 (apoptotic cells) contents were not detectable even after an extended treatment time (72 h in the standard medium) and the cells were still blocked in the G 0 /G 1 phase (data not shown). Furthermore, data from a Boyden Chamber assay demonstrated that enterolactone counteracted the effect of IGF-1 on the increase of migrated cell numbers ( Fig. 4A,B ; P , 0.05).
IGF-1R participates in the inhibitory effects of enterolactone on PC-3 cells. Results from si-RNA technology further elucidated the role of IGF-1R in the anticancer activity of enterolactone. The introduction of si-IGF-1R to the cells decreased IGF-1R protein levels, whereas the inverted control sicon did not affect IGF-1R expression (Fig. 5A) . Furthermore, the knockdown of IGF-1R suppressed proliferation of PC-3 cells ( Fig. 5B; P , 0.05) .
Finally, when we treated cells transfected with si-IGF-1R or si-con with enterolactone to examine the role of IGF-1R in the inhibitory effects of enterolactone on PC-3 cells, the results showed that the cell numbers did not differ in the si-IGF-1R groups treated or untreated with enterolactone (Fig. 5C ). These data support the critical role of IGF-1R in the antiproliferative effects of enterolactone.
Discussion
To the best of our knowledge, this is the first report to document that enterolactone inhibits IGF-1/IGF-1R signaling in human hormone-insensitive prostate cancer PC-3 cell lines. At nutritionally relevant concentrations (20-60 mmol/L), enterolactone inhibited IGF-1-induced tyrosine phosphorylation of IGF-1R and activation of AKT and ERK and resulted in the inhibition of proliferation and migration of prostate cancer cells.
Despite intensive efforts made to identify new and more effective therapeutics, prostate cancer still remains the second leading cause of cancer mortality in males in western countries. Although androgen ablation therapy is effective in its initial stages, after a period of remission, prostate carcinoma often progresses to an androgen-independent state characterized by a high proliferation rate and strong propensity to metastases (35) . Prostate cancer preferentially metastasizes to bone, which is rich in IGF (28, 29) . Studies have shown that IGF binds to IGF-1R in prostate cancer cells to stimulate cancer cell growth and facilitate the development of bone metastasis (36) . Once IGF-1R is activated, the tyrosine kinase activates the downstream PI3K/AKT signaling pathway, which is crucial in regulating cell survival and proliferation. Thus, the IGF-1/IGF-1R axis is regarded as a key target for dietary chemoprevention (37) . In the present study, we employed a human androgen-independent prostate carcinoma PC-3 cell line to investigate the molecular mechanisms of enterolactone against prostate cancer, a cell line that was established by Kaighn et al. (38) from the bone marrow aspirates of a patient with confirmed metastatic disease. We found that enterolactone inhibited IGF-1-induced tyrosine phosphorylation of IGF-1R. Inhibition of phospho-IGF-1R by enterolactone blocked IGF-1-induced activation of AKT and its downstream targets, such as phospho-p70S6K1 and phospho-GSK-3 b. The p70S6K1 protein, a serine/threonine kinase, mediates several effects of the PI3K/AKT pathway, including cell cycle progression (34) and cellular transformation (39) . Dephosphorylation of p70S6K1 was reported to block the G 1 cell cycle progression (34) . Concomitantly with decreased levels of phospho-GSK-3 b after enterolactone treatment, the protein levels of cyclin D1 also declined, which is a substrate of phospho-GSK-3 b and required for G1 cell cycle progression. Another known pathway regulated by IGF-1R is MAPK/ERK signaling, which is a key mediator of the mitogenic potential of growth factors. In our study, IGF-1 activated ERK, whereas enterolactone inhibited IGF-1-induced phospho-ERK. Although no extant study has evaluated the role of enterolactone on phospho-IGF-1R, studies have found that genistein, which exerts phytoestrogenic activities and is the counterpart of lignan, inhibits the tyrosine phosphorylation of IGF-1R induced by IGF-1 (40) . Some compounds, such as cyclolignan and picropodophyllin that share a similar structure to enterolactone, have been shown to inhibit tyrosine kinase IGF-1R in melanoma, breast carcinoma, and sarcoma cell lines (41). The physiological actions of the inhibition of IGF-1/IGF-1R signaling by enterolactone were further determined in the present study and enterolactone was found to suppress IGF-1-induced cell proliferation and arrested cell cycling in the G 0 /G 1 phase. However, no apparent apoptosis was detected, even in cells treated for 3 d. In a previous study under similar conditions, we discovered that enterolactone significantly induced apoptosis in human hormone-dependent LNCaP prostate cancer cells (11) . It was reported that IGF-1R expressed in PC-3 cells is roughly 10-fold greater than that observed in LNCaP cells (42) . The differential in expression status of IGF-1R in these 2 cell lines may explain why human hormone-independent PC-3 cells were less sensitive to enterolactone treatment than LNCaP cells. Indeed, PC-3 cells are more resistant to anticancer drugs and produce a malignant phenotype that metastasizes to bone (43, 44) . Besides inhibition of cell proliferation, enterolactone also inhibited IGF-1-induced migration of PC-3 cells. This effect is consistent with the observation from our previous animal study in which a 5% flaxseed (richest in lignans) supplemented diet reduced the incidence of lung and lymph node metastasis in male transgenic adenocarcinoma mouse prostate mice (9) . These results suggest that the inhibition of the IGF-1/IGF-1R network may be one of the molecular mechanisms by which enterolactone hinders prostate cancer.
To further address the salience of IGF-1R in the anticancer effects of enterolactone, we introduced siRNA against IGF-1R to knockdown IGF-1R expression in PC-3 cells. Similar to other findings (32), we found that proliferation of prostate cancer cells was significantly suppressed by the knockdown of IGF-1R. The result that decreased cell numbers were similar in si-IGF-1R groups treated or untreated with enterolactone suggested that IGF-1/IGF-1R signaling plays a critical role in enterolactoneinduced inhibition of prostate cancer cell proliferation. However, we cannot exclude the possibility that enterolactone has other targets besides IGF-1R.
Progression of prostate cancer from its nonmetastatic androgen-dependent phenotype to a more malignant metastatic androgen-independent phenotype is a slow, multi-step process that provides an extended and opportune window for cancer prevention with nontoxic dietary compounds. Recently, Zhang et al. (45) reported that supplementation of 600 mg/d of secoisolariciresinol diglucoside (a major plant lignan in flaxseed) for 4 mo significantly reduced International Prostate Symptom Scores and improved the quality of life in men with benign prostatic hyperplasia. This level of supplementation used in this study was not associated with any adverse events and resulted in plasma enterolactone levels of 436 nmol/L (45) . Although the circulating level of enterolactone is usually low, Morton et al. (46) previously reported that this compound could accumulate in the human prostatic fluid from several times to several dozen times higher than that in the plasma. Thus, the effective dose of enterolactone (20-60 mmol/L) within this investigation may be achievable in the prostate by supplementation with 600 mg/d of secoisolariciresinol diglucoside. In addition, in our previous paper, we observed that enterolactone (50 mmol/L) selectively decreased cancer cell viability, as demonstrated by its impact on LNCaP cells, but did not affect normal tissue, as demonstrated by null effects on nontumorigenic prostate epithelial CRL2221 cells, normal human ovarian epithelial IOSE80 cells, and hepatocyte HL-7702 cell lines (11) . Thus, the effective doses of enterolactone indicated by this study appear nontoxic to normal cells.
Although this study provides new information regarding the potential molecular mechanisms involved with high lignan foods, there are some limitations that may reduce the generalizability of our findings. The greatest limitation stems from the fact that enterolactone usually circulates in conjugated rather than in free form in both human serum and urine (14) ; furthermore, enterolactone also is converted into a variety of aliphatic and aromatic hydroxylated derivatives by the microsomes in rat, pig, and human livers (47) . Although the metabolites and derivatives of enterolactone are not commercially available at present, such compounds have obvious relevance and need to be developed and further investigated. In addition, another limitation of our study is the use of an in vitro system. Certainly, the growth of prostate cancer cells is much more complex in vivo compared with in vitro and could be affected by many factors, such as androgens, estrogens, growth factors, and the interactions between the stroma and epithelium. Thus, further in vivo studies are needed. Taken together, the results of the present study indicate that enterolactone (metabolized from dietary lignans) inhibits IGF-1/IGF-1R signaling in human prostate cancer cells and also inhibits cell proliferation and migration. Our current study, in tandem with previous studies, also suggests that lignan or a lignan-rich diet could suppress various stages of prostate cancer, from hormonesensitive to hormone-insensitive conditions (9-11). This work Literature Cited
